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ABSTRACT
Ballistic testing was perfonned on five targets which consisted of a polyurea
coating adhered to a Rolled Homogeneous Annor (RHA) substrate. Changes in polyurea
perfonnance and substrate defonnation with strike velocity were investigated. Three
strike velocities were tested: approximately 869 m/s (2,850 ft/s), 716 m/s (2,350 ft/s) and
654 mls (l ,850 ft/s).
The substrate defonnation was analyzed via metallography and micro-hardness
measurements. Micro-hardness measurements were taken from cross-sections of tunnels
fom1ed in the substrate by the impacting penetrator. Other cross-sections were etched in
order to reveal flow lines. The micro-hardness measurements in conjunction with the
inspection of flow lines indicate that the substrate behavior changes significantly within
the velocity range tested. The damage mechanism transitions from ductile hole
enlargement to a combination of ductile hole enlargement and plugging at higher
velocities. This transition is evidenced by the results of the micro-hardness and macro-
etching but also by the fonnation of shear bands within the plastic zone surrounding the
impact site.
Four different thicknesses of polyurea coating were tested to detennine its effect
on the substrate defonnation and ultimately its ability to dissipate projectile kinetic
...
energy. The results of ballistic testing. changes to geometric yariables. micro-hardness
mcasurcmcnts. obser,ation of shcar bands and analytical model predictions were all used
to analyze thc change in substratc dcfonnation. Thc analysis rcycals that polyurea is an
incllcctiyc ballistic coating. Furthcnnorc. thc coating cxpcricnces a relatiyc decrease in
clTectin~ness at higher strikc yclocities likely due to a compromise in material integrity.
XI
1. INTRODUCTION
1.1. Armor Materials and Applications
Military humvees are not manufactured with enough armor to adequately protect
the vehicle and more importantly the vehicle's passengers from small arms fire, shrapnel
and blast energy. Thus, military vehicles are often upgraded with armament kits to
augment the protection provided by the steel cabin. An ideal material for an armament
kit optimizes weight and protective capability. Welding on additional steel plating and
stacking sandbags within the vehicle are two techniques that have been used to resolve
the armor deficiency. However, recently several non-metallic materials including
polymers, polymer composites and ceramics have been considered for this and similar
applications. These materials have been tested as monolithic targets. in combination with
each other and with metals in sandwich arrangements [1.2.3.4]. Polyurea is an effective
blast resistant polymer that has also been utilized as an intennediate layer in ballistic
target sandwiches [5.6]. This investigation considers the ballistic perfonnance of a
substantial thickness of polyurea coated on Rolled Homogeneous Annor (RHA).
1.1.1. Rolled Homogeneous Armor (RHA)
RHA refers to a low-alloy steel with military designation MIL-A-12560 and the
Unified Numbering System designation UNS G86250. The processing and heat
treatment of RHA is such that the chemical and physical properties are regarded as
unifonn. The alloy is easily welded and exhibits good toughness and ductility due to its
small grain size [7]. Its toughness and ductility allow it to absorb shock from ballistic
r
and blast impact effectively [8]. Table I provid.es a list of the material and quasi-static
mechanical properties of RHA.
Table I: RHA material and quasi-static mechanical properties [9].
Compressive
Mass Bulk Young's Yield Shear
Hardness Density Modulus Modulus Strength Strength
(BI-IN) p (kg/m3) K (N/m2) E (N/m2) (J"r (N/m2) 1r (N/m-)
.\
350 7,830 150 x 10'1 206 X 10'1 1030 X lOb 618 X lOll
There is a remarkable disparity between the yield stress of RHA under quasi-static
conditions and the yield stress at strain rates comparable to those achieved in ordnance
velocity ballistic impact (approximately 105 S·I); the latter is much higher. Figure I
shows compressive stress-strain curves performed at various strain rates on a steel with
an alloy composition similar to RHA.
2-4 ....--.---....---.....--..--....
. ..
E=8.75x10 1/s
..
·4.2 .J
STRAIN. (Qnhu/~)
.\
O...._-01~_......__-L__....__..
o
Figurc I: Comprcssiyc strcss-strain cllrycs for structural stccl pcrfonncd oycr a rangc of
strain ratcs showing thc disparity bct,,·ccn quasi-static and high strain ratc bchayior [10].
1.1.2. Polyurea
Polyurea is an elastomer that is very similar in structure to polyurethane. It is
formed in the reaction of an isocyanate component and a resin blend component as
depicted in Figure 2. The type of isocyanates and resin blend components permissible to
classify the product as polyurea are restricted [11].
H
/
R-N
"'H
Amine
+ R-N=C=O- R-N-C-N-R
Isocyanate I \I I
H 0 H
Urea derivative
Figure 2: Illustration of the reaction that fom1s polyurea [12].
By virtue of its uncharacteristically fast curing time (5-15 seconds) and good
binding properties. polyurea can be applied using a spray system. Additionally. the
polymer exhibits good chemical and weather resistance. This combination of properties
has contributed to polyurea's popularity as an industrial sealant and waterproof coating.
The physical properties of polyurea are shown in Table II. As compared to other
polymer anllors. the strength of polyurea is low: its tensile strength is approximately half
that of polycarbonate 113. I4].
Table II: Physical properties of polyurea [14].
Hardness 100% Modulus Tensile Strength
(Shore A) MPa (psi) MPa (psi)
95 6.9 (1.000) 31.0 (4.500)
..
.'
However, polyurea exhibits dramatically different behavior under high loading
rates. Yi el at. attributed the change to a rate dependent glass transition temperature [15].
Specifically, the authors demonstrated that polyurea transitions from a rubbery behavior
to a glassy behavior at a strain rate of approximately 103 S-I as shown in Figure 3. The
behavioral transition is characterized by a large increase in the material's flow stress.
°10-5 10-'1 10-3 10.2 10.1 100 101 102 103 104 105
Strain Rate [115]
(b)
figure 3: (a) Polyurea stress-strain cun·es perfonned at yarious strain rates. (b) Polyurea
- flow stress as a function of strain rate (semi-log scale) [15].
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1.2. Ballistic Impact
1.2.1. Definitions and Concepts
To avoid ambiguity in terminology, the following conventions are defined:
A projectile is the part of the bullet that is ejected from the muzzle of the test
weapon. The penetrator is the part of the projectile that is intended to pass through the
target and in this analysis refers to the core of the Armor Piercing (AP) projectile.
The target is the material which is responsible for dissipating the kinetic energy of
the projectile. In this analysis, the target is comprised of a layer of polyurea bonded to an
RHA plate. The orientation of the target surfaces are determined by the direction of
projectile travel. The strike face is the surface of the plate struck by the projectile. the
distal face is the opposite surface from which the penetrator would exit under the
appropriate conditions.
Penetration is the entrance of the penetrator into the target where all motion is
contained by the distal surface albeit bulged. The void fonned by displaced target
material is the penetration cavity. Perforation occurs when any piece of the penetrator
passes completely through the target.
The targets in this analysis are considered thick. In thick target impact the distal
surface exhibits influence only after significant passage of the penetrator into the target.
Conversely. semi-infinite describes a target in which the rear surface has no effect [16].
Regarding vc1ocity. the strike \·c1ocity is that possessed by the projectile at the
instant of impact. Exit velocity is that possessed by the penetrator (or piece of the
penetrator) upon leaving the target. The ballistic limit \"Clocity is the projectile vclocity
which defines the boundary het\\"een penetration and perforation. The projectile velocity
"
at the interface of the polyurea coating and RHA substrate is referred to as the interface
velocity.
The orientation of the projectile at impact is defined using the strike surface
normal, the projectile velocity vector and the projectile axis (centerline or axis of
symmetry) as shown in Figure 4.
Projectile axis I
I
I 1Projectile velocityvector
tStrike surfacenormal
Figure 4: Schematic showing the strike surface nonna\. projectile velocity vector and
strike surface nonnal which arc used to define obliquity and skew.
If the strikefacc nonnal is not dircctly aligncd with thc projcctile axis cithcr
obliquity or skcw is prcscnt. Obliquity is an intcndcd misalignmcnt whcrc thc projcctile
,"clocity ,"cctor and the plate nonnal fonn a prcdctcnnincd anglc. Skcw is an unintcndcd
rotation ofthc projcctile about an axis othcr than thc projcctilc axis. :\11 tcsts in this
in\"cstigation arc pcrllmncd at zcro obliquity.
(1
1.2.2. Impact Parameters
Dissipation of projectile kinetic energy occurs through several responses of the
target. Likewise, the projectile experiences a complex response to the impact which can
result in nose flattening or mushrooming. Table III lists the responses observed in the
target and the projectile.
Table III: Phenomena observed in the response of a target and projectile under ballistic
impact [9].
Phenomena Observed in/he TwXe/ Phenomena Observed in/he Projectile
1. Wave propagation (elastic, plastic, 1. Wave propagation
hydrodynamic), stress (nonnal, bending, 2. Pennanent defonnation
shear), hydrostatic pressure 3. Fracturing
2. Plate deformation (elastic, plastic) 4. Fragmentation
3. Cracks 5. Heating
4. Petalling
5. Plugging and spalling
6. Frictional effects
7. Fragmentation. vaporization. phase changes
The most important parameters in characterizing any impact arc strike velocity.
target thickness, obliquity. and the material characteristics [16]. In addition. the nose
shape plays a pivotal role in the type of damage accrued by the target.
1.2.2.1. Strike Velocit)r
Arguably the most important parameter in detennining the behavior of a target is
the velocity possessed by the projectile at the instant of impact. At the low end the
defonnation is primarily clastic while at the high end colliding solids ,,"ill vaporize
almost instantaneously. Table IV correlates the strike vclocity of a projectile with the
material behavior and strain rate experienced by the projectile and the target in the
vicinity of the impact.
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Table IV: Spectrum of impact velocities (V5) with corresponding: strain rate ( i ), material
behavior and propulsion device [9].
€
Vs Effect Method of Loading
lOB > 12 kIn/s Explosive impact-
colliding solids
vaporized
3-12 kIn/s Hydrodynamic Explosive acceleration
106
material compressi-
bility not ignorable
1-3 kIn/s FlUId beha..ior in Powder guns. gas guns
materials; pressures
npp~ or exceed
material strength;
density adominant
4
parameter
10 500-1000 m/I Viscous material Powder guns
stIengtb still
10
2
significant
so-soo m/Il Primarily plastic Mc:chanical devices,
100
compressed air gun
< 50 m/s Primarily elastic; Mechanicnl dC\ioes,
some local compressed air gun
plasticity
0
Important transitions in matcrial bchavior occur through thc impact vclocity
spcctrum. A primarily clastic rcsponsc charactcrizcs a vcry low impact vclocity. In this
rangc. projcctilcs arc fircd by pncumatic dcviccs and thc cffccts on thc targct arc
govcmcd by clastic wavc propagation.
Whcn thc strikc vclocity imparts a prcssurc that cclipscs thc yicld strcss. thc targct
matcrial bccomcs plastically dcfonncd. Whcn substantial plastic dcfonnation is
impartcd. thc inclusion of clastic cffccts is oftcn ncglectcd. Thc projcctiles in this region
arc fircd from a cOI1\'cntional weapon which bums propcllant bchind thc projcctilc.
At highcr ratcs of loading. thc etrcct of targct strcngth becomcs less important as
the projectile and target begin to behavc morc likc tluids. this rangc is known as thc
hydrodynamic regimc. At cvcn higher vclocities special purposc wcaponry is uscd to
S
propel the projectile to speeds where shock becomes important and phase transformations
can occur [16,17].
1.2.2.2. Nose Shape
The nose shape of a projectile is classified by its degree of sharpness. Typical
classifications are sharp, pseudo-sharp, pseudo-blunt and blunt. Figure 5 illustrates an
important parameter in the determination of nose shape, the nose half angle. Sharp
projectiles have a nose half angle of 14a or less while blunt projectiles have a half angle
Penetrator
Nose half angle
Figure 5: Illustration of the penetrator nose half angle.
Pseudo-sharp and pseudo-blunt arc in between these extremes. A more
nJdimentary distinction can be made by di\"iding the projectile nose length by the
projectile diameter. If the quotient is greater than one. the projectile is classilied as sharp
and below one. blunt [16]. The distinction of the nose shape is important in predicting the
<)
damage mechanism. As a sharp penetrator penetrates a target, most of the target material
will be displaced radially. This mechanism is known as ductile hole enlargement and is
very different from the impact which results from the impact of a blunt projectile. In
blunt projectile impact, a cylindrical volume of plate material, roughly the diameter of the
projectile, is sheared and ejected out of the target.
1.2.2.3. Target Yield Strength
Specifying the conditions for material yield in terms of quasi-static properties is
advantageous but very difficult due to the stress state of the target material. The Von
Mises criterion expresses the conditions for yield as a function of the difference in the
principal stresses. Thus in a state of hydrostatic pressure, which is common in many
regions of target material, an element of material experiences no defomlation despite
significant pressure on each of its faces.
Figure 6 depicts the stresses on an element of material in the path of a Oat nose projectile
impacting a target and for simplicity sake the shear stresses are ignored. The projectile is
exerting a compressive force on the top of the clement (02) which is balanced on the
opposite face by constrained plate material. However. the element is not free to expand
laterall\'. along directions I and 3. as in a compression test because it is surrounded 011 all
. ~ \
\
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sides by plate material.
Direction of1penetrator travel
Pen
Element of target
material
2
i
I
,
etrator I
.
I
I
I
0 ~Target
Figure 6: Schematic showing penetrator passage into a target (left) and an element of
target material in the path of the penetrator (right).
Therefore assigning a value of yield stress based on properties obtained in
uniaxial tensile/compression tests is problematic. A numeric analysis of ballistic impact
fully specifics the stress state and the appropriate yield conditions (typically Von Mises
or Tresca) and avoids any complication. But for analytic treatment. it is helpful to
correlate the yield stress obtained in standard tests to yield behavior in constrained
material Oow. A pragmatic approach is to assume that the material strength in
constrained Oow is a multiple of the yield strength or ultimate strength. Investigators
ha\"C ShO\\11 that the amount of pressure on the face of a punch required to initiate
yielding in a work piece is about three times grcater than the yicld strcngth of the work
piccc under uniaxial quasi-static conditions [23]. In anal~1ical ballistic modcling.
inycstigators havc used a strcngth t:1ctor of t\H) [18].
II
1.2.2.4. Strain Rate
The amount of strain rendered by a target element is a function of the applied
stress and two material parameters that are strain rate sensitive: dislocation density and
obstacles to dislocation movement. These parameters are heavily influenced by
deformation processing conditions. However, a given steel under the same applied stress
tested at a high strain rate has been shovm to generate a higher density of slip bands
(increased strength) than a sample tested at a low strain rate [19]. Thus, the strain history
will influence the material parameters which will affect the strength and ultimately the
amount of permanent deformation.
In analytical modeling, the dependence of material strength on strain rate is rarely
addressed. When it is considered, the details are not always included in the analysis [20].
Strain rate can be explicity incorporated via the constitutive relationship shown in
Eqn. (1) where 0'\. a" and i" are constants and a and E: are stress and strain
respectively.
The application of this equation is limited by the condition that a does not
increase rapidly with i [2 I]. This technique was used in one investigation which
assigned a constant strength coeflicient based on the average increase in strength with
strain rate [36]. This investigation considers strike vclocities between 515 m/s (1.689
ius) and 880 m/s (2.886 ius). As shO\\l1 in Table IV, this range corresponds to an
(1)
. i" . I 10.$ -I I I k I' . I 106 -}average stram ratc 0 apprOXlIllatc y . s ,W lcrc t lC pea' va ue IS approXImate y s.
In the absence of available data. an estimation ofthc strain ratc can bc calculated by
dividing the strikc velocity by the projectile radius [36].
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1.2.2.5. Damage/Failure Mechanisms
The nature of target material flow during the passage of a penetrator through a
target, which depends on the penetrator nose shape, target thicknesslhardness and impact
velocity, assign it to a damage mechanism. Figure 7 shows several common damage
mechanisms characteristic of perforation.
PLUG
FOR"'''ll:)N
PETAL
FORI,IATION
OADISH1NG
~ILE H<>LE FfUGu(rlTATIOU
ENLARGEMENT
Figure 7: Common perforation mechanisms [22].
Ductile hole cnlargcmcnt is obscrved in targcts with a thickncss comparablc to thc
projcctilc diamcter with good material ductility. In the initial stagc of defoTInation by
this mcchanism. the material movcs radially and backward toward thc strikc surface of
thc plate as sccn in Figure 8.
As thc pcnctrator picrces its way deeper into the thickness. the flow of target
matcrial transitions. Thc material moving radially begins to move in thc same direction
as thc projectile as depicted in Figure 9.
PROlECTIl(
2R
STEEl Pl.ATE
Figure 8: Schematic of target material "flow-back" in initial stages of ductile hole
enlargement [36].
Penetrator
Target
Figure 9: l11ustration of target inertia in latter stages of ductile hole enlargement [36].
The kinetic energy acquired by the target material is referred to as virtual mass
and is usually included in the equation of motion of the projectile.
Without sufficient energy the penetrator \\-il1 not perforate and ductile hole
cnlargemcnt tenninates by bulging. Bulging is a localizcd damage mcchanism that
occurs as the material in front of the penetrator conft)nns to the nose shape and protrudcs
from the distal surface of the target.
14
If the penetrator has sufficient energy, perforation will occur. Then the material
which is displaced radially will fail in tension and ultimately a lip will form at the distal
surface as shown in Figure 10. The tensile failure of the distal surface of a thick plate
perforation is distinct from the phenomenon shown in Figure 7 as petal formation.
Penetrator
Target
Lip
Figurc 10: Cross-scction photo of a pcnctrator lodgcd in a targct which pcnctratcd via
ductilc holc cnlargcmcnt [23].
Plugging is a failurc mcchanism obscrvcd in targets with a thickncss comparablc
to thc projcctilc diamctcr. Thc distinction bctwccn this mcchanism and ductilc holc
cnlargcmcnt is largely thc nosc shapc of thc pcnctrator. The stress statc and the resulting
flow of targct matcrial in the two mechanisms arc markcdly differcnt. In plugging. the
matcrial in front of the penetrator is not displaced radial1y but mostly compresscd. This
compression generates a cylindrical shcl1 of high shcar strcss. Whcn sutlicicnt strcss is
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generated, a crack that coincides with the high shear surface forms and the projectile and
the plug are ejected together.
1.3. Evaluation of Ballistic Deformation
1.3.1. Geometry of Deformation
A basic means of representing damage to a target is to obtain physical
measurements of the deformation such as penetration depth and penetration cavity
volume. The relationship between penetration depth and impact velocity is known to be
non-linear so the relationship must be determined experimentally to be used as a tool for
subsequent evaluation [35]. In the absence of experimental data, penetration depth can
be correlated with strike velocity through judicious use of analytical models.
Penetration cavity volume generally provides similar infonnation as penetration
depth. However, the relationship between strike velocity and cavity volume for plates
with target thickness to projectile diameter ratios near unity is nearly linear [35].
1.3.2. Micro-hardness Measurements Performed on a Work-
Hardening Material
Straining of a work hardening material results in incrcascd strength and a
commcnsuratc incrcase in thc material hardness. Therefore. deriving thc requisite
rclations can allow one to correlate the amount of strain with the hardness. This
tcchnique is of interest in the analysis of ballistic impact bccause it provides a rclati\·c1y
simple way to comparc relative amounts of dcfonnation [7.24.35.36]. Micro-hardness is
a tcchnique in which a very small indcntation is produccd by a rigid indcntcr prcsscd into
the surfacc of a spccimcn under a load of at most a few hundrcd grams. Onc typc of
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indenter used in micro-hardness is the Knoop indenter. A Knoop indenter and its
corresponding indentation are pictured in Figure 11.
Figure 11: Knoop indenter (left) and a corresponding indentation (right) [25].
The pyramidal apex of the Knoop indenter has shallow angles measuring 172°30'
and 130°. The indentation fonned by the Knoop tip is a parallelogram with an aspect
ratio of about seven. The Knoop hardness (I-h) is found using Eq. (2) where W is the load
used to fonn the indentation and A is the area of the parallelogram at the surface of the
sample.
W
Ill.. =
A
(2)
This type of indenter is preferable in the analysis of ballistic damage because it is
highly sensitive to microstructure changes and it is capable of measuring the hardness in
the presence of a significant hardness gradient. The indentations generated by other
pyramidal indenters. sueh as Vickers. will experience significant distortion which leads to
difficulties in measuring the indentation area. The Knoop hardness only requires the
measurement of the long diagonal and a properly orientated indenter only causes
distortion of the shorter diagonal which is not factored into the area measurement.
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Closely spaced indentations can be used to generate hardness profiles. These profiles are
useful in comparing relative amo'unts of plastic strain experienced along an analyzed line.
h is often cited that the trend between hardness and material yield stress for a
work hardening material is linear [25,26]. Tabor found that the ratio of the Vickers
hardness to yield stress is between 2.9 and 3 (see
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Table V) [25]. Thus, if the hardness is measured a stress can be calculated. This stress is
not representative of the yield stress of the material because the indenter contributes
plastic deformation to the sample, inflating the value. To calculate the actual yield stress,
the effect of the indenter must be incorporated. By comparing stress-strain and hardness-
strain curves, this additional strain was identified as 8%. Therefore the yield stress
converted from hardness is actually the sum of the plastic strain percent at the
measurement location and an additional 8%.
1<)
Table V demonstrates the accuracy of this technique by comparing a measured Vickers
I
hardness number to a prediction based on the plastic strain percentage of a sample.
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Table V: Comparison between Vickers hardness number and a Vickers hardness
estimation converted from plastic strain [25].
ObseriJOO.
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de/ormation t: = (~+8) Y O:t: ~rmdne4$
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2·9Y
Mild Btool . 0 8 55 1lS9 156
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1.3.3. Metallography of Ballistic Deformation
The analysis of microstructural changes in a polycrystalline target is instrumental
in detennining the direction of material flow. The distortion of individual grains reflects
the gross defonnation of the material. When equiaxed grains are distorted they elongate
in the direction of strain [26]. In ballistics. the analysis of grain defomlation has been
used qualitatively to validate the damage mechanism. though not typically as a means of
quantitative measurement [27].
Metallography has also been used to investigate one particular damage feature.
shear banding. common in steel targets.
1.3.3.1. Shear bands
Figurc 12 sho\\-s a shcar band fonncd in a stccl targct undcr ballistic impact.
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Figure 12: Shear band in a steel target resulting from ballistic loading [7].
Many investigators have observed shear bands, areas of intense highly localized
shear. in ballistic impact [7.35]. Generally, shear bands occur in gross plastic
defomlation with significant heat generation. When the speed of defomlation is such that
the heat cannot be conducted away fast enough a local rise in temperature results. The
local rise in temperature lowers the flow stress and localized defonnation follows [9]. In
steel targets. the proclivity of localization increases with strain-rate [28].
Shear bands arc generally separated into two types: defonned and transfomled.
Both types of bands exhibit increased hardness but can be distinguished by their
differences in grain size and appearance after etching. Defonned bands arc characterized
by elongated grains with no distinctive coloring while transfonned band grains are less
elongated and very smalL sub micron size. and appear white after etching. Transfonned
bands arc hence referred to as "white etching:' bands [28].
Shear bands arc considered the beginning of material f:1ilure. Within the bands.
micro-voids nucleate and subsequently coalescc into cracks. The dcfonnation
rcsponsible fl1r thc fonnation ofthc band ottcn causcs immcdiatc failurc. I Iowcvcr if
.,.,
failure does not occur, the shear band is a preferential site for crack initiation and
propagation upon reloading [28]. The critical strain to fonn shear bands-C E:CrrI ) has been
proposed as a collection of constants and strain rate dependent quantities [29,30]. Eqn.
(3) defines the critical strain where 11 is the strain hardening exponent, p the density of
the material, C the specific heat capacity, Pthe fraction of defonnation energy that is
converted to heat, and I~;I is the slope of temperature dependence of flow stress at a
constant strain and strain rate.
11{£
E:
CrrI
= fJla(J1
aT C L'
1.4. Modeling of Ballistic Impact
(3)
Attempts to reproduce the effects of ballistic impact mathematically are classified
by approach: numerical. empirical. or analytical.
1.4.1. Numerical Modeling
Instead of introducing a wealth of simplifying assumptions or performing a large
numbcr of tcsts. numerical modeling attcmpts to completely dcscribe thc transient
interactions between a projectile and a targct. This is accomplished through the use of
large programs knO\\'l as hydrocodes. The programs use conservation equations.
constitutive relations for material behavior and an assumed yield criterion as their basis.
Then. via a point-wise (finite differencc) or pieccwise (finite clemcnt) manner the
programs predict various results for a giycn set of initial conditions [31]. Thc 111~~ior
, ..
--'
advantage of numerical simulation is the detailed nature of the output. The advent of
user-friendly analysis software has made numerical modeling a more tractable tool.
1.4.2. Empirical Modeling
Empirical modeling is generally not concerned with the circumstances of the
event but rather the inter-relation of experimental parameters. An example of an
empirical model is shown in Eqn. (4) where the independent variables are the mass of the
projectile (l11p ) and the strike velocity (vo).
Ii CP =Am vf' () (4)
The penetration depth (P) is assumed to depend only on these two quantities. The
experimental constants A, Band C are assigned vague epithets such as "material
constants" and must be detem1ined experimentally [16].
Empirically derived equations are fairly accurate though laborious to generate.
Moreover. the accuracy is limited to identical materials and nearly identical test
conditions [9]. An exception to this rule is a popular relation that applies to most
materials impacted by armor piercing projectiles. shown in Eqn. (5). The equation relates
the projectile strike velocity (1'0)' the ballistic limit vclocity (V5{)). the exit vclocity of the
penetrator (Vr ) and the change of dircction angle n[9].
(5)
One important restriction on the applicability of this model is its range. To obtain
acccptable accuracy the strike vclocity must be at least 1.5 timcs the ballistic limit
velocity [16].
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1.4.3. Analytical Modeling of Ballistic Penetration
In ballistic impact, a majority of projectile kinetic energy is dissipated through
only a few mechanisms. Therefore models which consider only the major mechanisms
can be quite accurate despite the fact that they neglect many secondary effects. Common
assumptions regarding these secondary effects are: (1) Only a small region with
dimensions comparable to the projectile diameter is affected by the impact, the remainder
of the target not influencing events. (2) Rigid body motions are negligible. (3) Thermal
phenomena may be neglected. This includes neglect of frictional effects, shock heating,
and changes in material constitution. (4) The impacting bodies are initially stress free
[9].
It is widely recognized that the three most important clements to consider in
ordnance range impact is the compression (or distortion) of target material, the inertia of
target material and frictional effects. Two approaches to modeling these responses are
the use of energy based methods [36] and coupled stage models [20].
A particularly accurate set of models treat the effects of inertia. distortion and
friction as arbitrary pressure contributions which resist the penetration of the penetrator.
Table VI Iists two of these models in resistance force foml where Ax is the projected area
of the penetrator at the strike surface.
Table VI: Resisting force models [9).
According to Force
Poncelct F =
Active
Area
Inertial
Pressure
Distortion
Pressure
+ pJ
Frictional or
Viscous
Pressure
Recht F=
t The Poncelet equation assumes that the inertial pressure is a constant times the
Bernoulli flow pressure (p V\ This contribution of the resisting force is essentially
fluid drag and thus the coefficient Cu is effectively a drag coefficient. For pointed
projectiles Cu is assigned a value of 0.25. The distortion pressure, Pd, accounts for the
remaining resistance to penetration. The Poncelet equation is quasi-empirical in that the
distortion pressure must be determined experimentally. This model assumes that the
contribution of friction is negligible, a common practice, based on a work which showed
its contribution is less than 3% [32].
The Recht model assigns less intuitive representations of the three components of
the resisting force. The inertial pressure is a function of the wave velocity U, mass
density pand speed of the impact interface V~, shown in Eqn. (6) where the wave
velocity is defined in Eqn. (7) where K is the bulk modulus.
p =pUll, (6)
(7)
The inertial pressure term includes two dimensionless constants which arc
detennined experimentally. Thus. this model is also quasi-empirical because it contains
constants whose values can not be assigned solely through connection to physical
phenomenon. However. these constants do not need adjustment and they can be applied
to different materials or impact conditions. Thc constant en is sensitive only to the nose
shapc and has a valuc of 0.62 for sharp nosed projectiles: C· is valucd at 0.25 and
accounts for wavc dispersion.
t This c\rlan3tion is similar to th3t outlincd in [Q].
The distortion pressure is derived by considering strain energy in target distortion.
It is a function of T, , the static shear strength of the target, and a parameter Zm, a
function of the elastic modulus and the yield stress shown in Eqn. (8).
2
m
=E / a r /(1 +2~)1J2
a r
The coefficient of friction is assigned a value of 0.0 1. The angle a in the
frictional term and also in the inertial term is the half angle of the conical nose of the
projectile. Assigning a a value of23.5° adequately handles a variety of sharply tipped
projectile nose types including ogival (rounded conical) noses.
(8)
The form of the equations listed in Table VI is useful for predicting force histories
but many times the quantity of interest is the penetration depth or a characteristic
velocity. To transform the equation to the appropriate fOrIll for that analysis the resisting
force (the deceleration of the penetrator) is equated to the change in momentum per unit
depth as shown in Eqn. (9).
F = AldV / dt = AlVdV / dt (9)
The transfon11ation yields tractable expressions, shown in Table VII. that require
a two step analysis. Initially. as the penetrator enters the target the projected area of the
penetrator at the strike surface is a function of penetration depth and the left hand side
reduces to TTx-'tan:!af(3Ap) where x is the penetration depth and Ap is the projected area of
the cylindrical section of the projectile. When the penetration depth reaches the projectile
nose length. the analysis is restarted when the left hand side is simply the penetration
depth and the strike Yclocity (f ',,) is changed to the final \"Clocity soh-cd for in step one.
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Table VII: Poncelet and Recht penetration equations [9].
Force
Definition Penetration Equation Where
Poncelet
Recht
.rJA 2(M/2A) a a+bV
_.r dx= " [(V" -V)--ln( ~)]
o A" CliP b a+br
a = 2r, In(2Z111)(1 + f / tan a)
b =CII ~Kp(I + f /tana)sin a
M = mass of penetrator, Vo= initial velocity, x = penetration distance
The authors used this analysis to predict limit velocities for various ratios of plate
thickness to projectile diameter. Figure 13 shows the predictions of various penetration
models with experimental data.
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Figure 13: Comparison of cxpcrimcntal data and al13lyticalmodcl predictions of limit
yclocity Itlr \-arious ratios of plate thickncss to projcctilc diamcter [9].
Figure 14 shows only Recht model predictions. The figure shows discrete
measurements of instantaneous projectile velocity as a function of penetration depth
determined experimentally. These points are compared with a smooth curve of the model
predictions. As shown, the model predicts penetration depth accurately for a variety of
materials throughout penetration.
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Figurc 14: Comparison of cxpcrimcntalmcasurcmcnts and Rccht model prcdictions of
instantancous projcctilc vclocity as a function of pcnctration dcpth for various matcrials
[9].
2. EXPERIMENTAL PROCEDURE
2.1. Ballistic Testing
Testing was performed at an independent facility, H.P. White Laboratory, Inc., in
Street, Maryland. The procedural guidelines were consistent with the National Institute
of Justice (NIl) standard for a modified Level IV threat (Armor Piercing Rifle) with some
modifications to the strike velocity [33].
The requisite projectile for the NIl standard is a 7.62 mm (0.30 caliber), 166
grain, M2 AmlOr Piercing round which consists of a hardened steel core shrouded in a
copper jackct. Thc gaps bctwccn the core and jacket are packcd with lcad filler.
Jackel
L..-_ Point FillerS---Core
3.53cm -----...1
+---- 2.74cm ----
~~\
Figure-IS: Ctoss-scction of a 7.62-mm APM2 projcctile [34].
In subscqucnt analyscs. thc surfacc contour of thc corc or pcnctrator is an
important paramctcr. Thcreforc. a sixth ordcr polynomial dcfining thc radius of the
projcctilc (in millimcters) moving away from the projcctilc nose was gcncratcd by
mcasuring thc projcctilc diamctcr at regular inter.als. Thc polynomial coefficicnts were
idcntified via thc poZ\:!ir command in the computational sottware program. ~fatlab.
Though the polynomial docs not intersect the origin exactly. it is othen\-ise considered to
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accurately represent the penetrator surface up to a range of 12 mm (0.472 in.) from the
nose tip.
Table VIII: Sixth order polynomial coefficients used to define the nose tip profile.
Coefficient Exponent
-4.3494 (10-()) 6
2.2432 (l0-4) 5
-4.3 (lO·J) 4
3.84 (lO·L) 3
-1.884 (l0·1) 2
8.404 (l0· 1) 1
.0075 0
Projectiles were fired from a rigidly mounted barrel assembly within the test
chamber. For safety reasons the round was fired by an extended trigger from inside a
separate chamber.
The targets were comprised of a layer of polyurea adhered to a 0.356 m (14 in.)
square substrate plate as shown in Figure 16.
Figure 16: Photograph of a po1yurea coating on a 9.5 mm (3/8 in.) thick RHA target
plate.
Thc substratc stccl platcs, prcparcd by Algoma Stcel, have a thickncss of 9.5 mm
O/X in.). Thc platcs wcrc qucnched and tcmpered but the specifics of the heat treatment
are unknown. Etching the substrate steel in either 2% Nital (2 ml of nitric acid, HNO j ,
and 9X ml of ethanoL C211()()) or 4'% Picral (4 g of picric acid, (N02hC(JbOIL and 96 ml
of cthanol, C211()O) reveals a microstructurc of linc-grained (-·5~tm) martensite.
The chemical composition of the substrate, given in Table IX, was detcrmined by
x-ray spectroscopy performed by Laboratory Testing Inc.
Table IX: Chemical composition of RIIA substrate.
The targets were mounted to a rigid frame at 0° obliquity 7.62 m (25 It) from the
muzzle of the tcst barrel via four C-clamps at the target corners as shown in Figure 17.
C-clamp Target Plate Rigid Frame
Figure 17: Target plate mounted to a rigid frame via C-clamps.
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The strike velocity of each shot was controlled by varying the mass of propellant
packed behind it. Three strike velocity ranges were used in the tests, the highest,
henceforth referred to as the "high velocity range", was consistent with the NIJ Level IV
specification (at least 869 m1s (2,850 ftls)). The "middle velocity range" designates those
shots impacting 152 m/s (500 ftls) below the Level IV specification (approximately 716
m1s (2,350 f1/s)). The "low velocity range" denotes shots striking 305 m1s (1,000 ftls)
below the NIJ standard (approximately 564 m1s (1,850 f1/s)).
The strike velocity of each shot was measured using redundant pairs of lumiline
screens which were positioned 3.0 and 6.1 m (10.0 and 20.0 ft) from the target. These
screens were used in conjunction with an electronic chronograph to provide the projectile
velocity at a distance of 4.5 m (15.0 ft) from the target. A minor adjustment was made to
account for the deceleration occurring in the last 4.5 meters (15.0 ft) to provide a very
accurate strike velocity measurement.
Visual inspection was used to detennine if individual shots perforated the target.
The designations "full", "Partial" or "None" denote perforation. perforation of at least
part of the projectile and no perforation of any part of the projectile respectively.
Exit velocities were recorded for the target with the thickest polyurea coating.
Light screens positioned 25 and 86 cm (10 and 34 in.) behind the target coupled \\-ith an
electronic chronograph detennined the exit velocity at 56 cm (22 in.) from the distal
surface of the test plate.
High speed vidco of either the strike or distal surface was recorded for most test
shots. The frame rate was adjusted throughout testing hut \\-as approximately 10.000
Table X: Summary of ballistic testing conditions.
Coating
Thickness Strike Velocity
Designation mm (in.) t Strike Face m1s (ftIs)
C-1 0 RHA 883 (2.896)
C-2 0 RHA 751 (2,463)
C-3 0 RHA 750 (2,461)
C-4 0 RHA 759 (2,489)
C-7 0 RHA 742 (2,433)
C-5 0 RHA 529 (1,736)
C-6 0 RHA 542 (1,779)
2-1 22.1 (0.87) Polyurea 748 (2,453)
2-3 22.1 (0.87) Polyurea 745 (2,443)
2-4 22.1 (0.87) RHA 747 (2,450)
2-2 22.1 (0.87) Polyurea 522 (1,712)
3-1 38.6 (1.52) Polyurea 748 (2,453)
3-6 38.6 (1.52) Polyurea 750 (2,462)
3-3 38.6 (152) RHA 746 (2,449)
3-7 38.6 (1.52) RHA 750 (2,462)
3-2 38.6 (1.52) Polyurea 513 (1,682)
3-4 38.6 (152) RHA 518 (1,699)
3-5 38.6 (152) RHA 518 (1,701)
4-5 48.3 (19) Polyurea 741 (2,432)
4-2 48.3 (1.9) RHA 748 (2,454)
4-3 48.3 (1.9) RHA 754 (2,474)
4-4 48.3 (1.9) RHA 749 (2,457)
4-1 48.3 (1.9) RHA 518 (1,701)
5-5 71.1 (2.8) Polyurea 880 (2,887)
5-6 71.1 (28) Polyurea 881 (2,889)
5-7 71 1 (2.8) Polyurea 882 (2,894)
5-8 71.1 (2.8) Polyurea 884 (2,900)
5-2 71.1 (28) RHA 881 (2,889)
5-3 71.1 (2.8) RHA 876 (2,874)
5-4 71.1 (2.8) RHA 879 (2,885)
5-10 71 1 (28) RHA 879 (2,881)
5-9 71.1 (28) RHA 880 (2,887)
5-11 71 1 (28) RHA 871 (2,858)
5-12 71.1 (28) Polyurea 753 (2,472)
5-1 71.1 (2.8) RHA 750 (2.461)
frames/second.
Table X summarizes the ballistic testing parameters. The shots arc grouped with
a designation which contains two pieces of infonnation: the somewhat arbitrary target
numher (''C .. denotes the control plate) and the chronological order of the shot.
Regarding each shot, the table provides the thickness of the polyurea coating on the RHA
substrate, the strike surface and the strike velocity of the projectile at impact.
2.2. Metallographic Sample Preparation
Individual shots, many of which were coated with a significant amount of
polyurea, were sundered from their host plate using a Marvel bandsaw and/or an abrasive
cut-off wheel. The bulk of the polyurea coating was pried off of the substrate and in
some cases residual polyurea was removed by immersion in a solvent, Dynasolve.
Characterization of the plate material required that the shots be sectioned, ground
and polished. An abrasive cut-off wheel was used to section off-center of the axis of
symmetry of the defomlation. The cut was made off-center to account for the material
ground away after mounting so that the final plane in the prepared sample is the mid-
plane of the shot. Next, the cross-sections were mounted in bakelite or themlOsetting
epoxy using a high pressure/temperature mounting machine to form shallow puck shaped
cylinders ready for additional metallographic preparation.
The grinding was perfonncd on an Abrapol automatic polishcr which supports a 6
sample carousel. A pressure of 380-400 Ncw10ns was applied to successively higher
silicon carbidc grit papcrs at 45 sections per grit size. The carousel was cleaned after the
final grinding step at 1200 grit. Next. the same machine \\'as uscd to polish thc samples
with 6 ~un and then I ~un diamond sprays with 400-420 Nc\\10ns of pressure for 60-70
seconds each.
Then a 0.3 ~lIn aluminum oxide solution was applied to a rotating wheel upon
which the sample \\'as polished. \\-ith medium pressure. for a period of 2 minutes. \\'hen
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necessary a subsequent 2 minute polish using a 0.05 11m silicon dioxide solution on a
stationary pad was performed. The polished sample was immersed in 2% Nital or 4%
Picral to reveal general microstructure and examined using Light Optical Microscopy
(LOM).
2.3. Macro-etching of Substrate Cross-Sections
The RI-IA substrate plates were formed in a rolling operation which produces
characteristic defonnations lines that are useful in evaluating subsequent gross plastic
deformation. The deformation lines can be revealed by etching specimens in an acidic
reagent. The reagent used for the plate material is known as modified Winsteard's
reagent shown in Table XI.
Table XI: Composition and mixing instructions for Windsteard's reagent
Part A
Part B
Element
Picric acid ((N02)JC6H20H)
Ethyl alcohol (C2H60)
Distilled water
Sodium tridecylbenzene sulfanate (40% solution)
Hydrochloric acid (HCI)
Amount
2g
10mi
200 ml
5 ml
5 drops
Procedure: Part A is mixed first and added to the distilled water. Then the sodium
tridecylbenzene sulfanate and hydrochloric acid are added successively.
To obtain sufticiently distinct defonnation lines the samples were etched in the
above solution for six to seven minutes and then back-polished on a stationary pad \\"ith a
0.05 ~lIn silicon dioxide solution for three to five seconds. The best results occur with six
or seven repetitions of these two steps. Etching for more than 7 minutes results in
muddled dcf(:mnation lines that do not back polish well.
To reveal the rolling texture from an as received plate, one reference sample was
prepared. The etching procedure reveals lines that arc parallel to the plate surfaces and
regularly spaced through the thickness as shown in Figure 18.
Figure 18: Photograph showing deformation lines in an etched cross-section of an as
received RHA plate.
One sample was chosen from each velocity range to represent the deformation
characteristic of the range. Careful inspection of these photos evinces the flow of plate
material in the vicinity of impact. Figure 19 shows a macroscopic view of a cross-section
and denotes the original surfaces ofthe plate, the direction of travel of the penetrator and
the area portrayed in subsequent figures. Figure 20 shows a penetration cavity typical of
impact in the low velocity range. Figure 21 and Figure 22 illustrate the deformation
characteristic of perforation in the middle and high velocity ranges respectively.
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Figure 19: Photograph of a perforated RHA cross-section showing the location of the
original surfaces and the viewing area used in subsequent figures.
Figure 20: Photograph of etched cross-section showing deformation characteristic of an
uncoated plate in the low velocity range. .
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Figure 21 : Photograph of ctched cross-section showing deformation characteristic of an
uncoated plate in the middle velocity range.
Figure 22: Photograph of etched cross-section showing deformation characteristic of an
uncoated plate in the high velocity range.
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2.4. Micro-Hardness Measurements of Substrate Cross-
Sections
Several lines of closely spaced micro-hardness measurements, called profiles,
were generated to compare relative amounts of substrate deformation quantitatively.
Based on the inspection of macro-etched cross-sections, several profiles were chosen that
represent areas of particular interest in each sample. The indentations were generated
with a 200 g load applied to a Knoop indenter with a dwell time of 15 seconds. 200 g
was the maximum possible load which is restrained by the viewing area of the
microscope (40x objective lens) used to measure the indentation limits. Also,
measurements were kept at least 2.5 small diagonals from other measurements and from
any sample edges.
Five profiles were selected to quantify the defonnation characteristic of the low
velocity range. The positions of these profiles. measured from the original strike surface,
are I mm. 2.9 mm. 5.4 mm. 7.9 mm (0.04 in., 0.11 in., 0.21 in., 0.31 in.) and one profile
extending from the projectile tip to the distal surface of the plate.
'~
In the middle vclocity range. micro-hardncss measurcmcnts werc takcn to dctcn11inc
if thc polyurea coating significantly affected the dcfonnation of the target plates by
slowing the projectilc or otherwisc. Only onc hardness profilc at the original mid-
thickness of the plate was used to in\"estigatc any coating effects.
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Figure 23: Micro-hardness profile locations selected to quantify deformation in the low
velocity range.
Figure 24: Micro-hardness profile locations selected to quantify deformation in the high
velocity range.
The deformation characteristic of the highest velocity rangeirripact was the most
distinctive. There is a crater on the strike face which contains a zone of intense localized
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shear. Five profiles were selectcd to delineate the substrate deformation in this velocity
range. Three longer profiles were taken at distances of ].0 mm, 3.4 mm and 7.0 mm
(0.04 in., O. ]3 in .. and 0.28 in.) from the original plate surface. The two shorter profiles,
2.8 mm and 3.2 mm (0. ] I in. and 0.12 in.) from the surface, are focused around the shear
zone.
2.5. Cavity and Crater Geometry
Two separate methods were used to determine the penetration depth and cavity
volume of those shots which did not perforate the targets. The first technique was
adopted from Dikshit et al. 135,361. The samples for this analysis were cut away from
the rest of the target but were not sectioned through the axis of symmetry. The samples
were weighed on an electronic scale with an accuracy of± 0.005 g. Then, plasticine of
known density was packed into the pcnetrator cavity up to the original plane of the strike
surface as shown in Figure 25.
Figure 25: Penetration cavity filled to strike surface with plastiCine.
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The samples were reweighed and the difference between the two weights, which
represents the weight of the plasticine in the cavity, was converted to a volume using the
plasticine density. When appropriate a simple volume integration was performed to
correlate the cavity volume and the penetration depth which are related by Eqn. (10)
where V is the cavity volume, d is the penetration depth and R(x) is the radius of the
projectile defined in section 2.1.
V = r2;rR(x)dx (10)
The second method of determining penetration depth is more direct. A cross-
section photo, taken at very low magnification (2x), was imported to a program called
Spollighl-/6. Then the depth of the penetrator tip was measured nom1ally from the
original strike face of the plate.
To ensure that the practice of converting measurements via a volume integral did
not produce erroneous results. both tcchniques were perfonncd on the same sample. The
single result suggests that any inherent error attributed to air pockcts or comprcssibility is
not significant: thc calculatcd and convcrted cavity volumcs were within 5%.
Cross-sections of shots from the high velocity rangc (sec Figurc 22) show that a
cratcr was fonncd on thc strikc surfacc of thc platc. To calculatc thc volumc of thc cratcr
thc plasticinc tcchniquc dcscribed abovc was uscd again. Howcvcr. the sccond wcight
mcasurcmcnt includcd the wcight contribution of the cratcr and the cylindrical volume of
the ccntral rcgion. The cylindrical region. labeled as bullet tunnel volume in Figure 26.
was subtractcd out by detennining its volumc ,,-jth a mcasurcmcnt of thc ovcrall cavity
hcight and thc diamctcr of thc bullct tunncl. Thc rcmaining portion reprcscnts only thc
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contribution of the crater which was again converted to volume using the value of
plasticine density.
Crater volume
Bullet tunnel volume
Figure 26: Cross-section photograph distinguishing the crater volume measurement.
2.6. Application of Analytical Models
The Recht and Poncelet analytical models, shown in Table VII, were used to
relate penetration depth and strike velocity in coated targets. In both equations there are
three variables: penetration depth (x), strike velocity (Va) and the instantaneous velocity
at any penetration depth (V). The models were applied in two steps which represent
different stages of impact. In one step, the left hand side of the penetration
half angle arid Ap is the projected area of the penetrator. This step represents
. .~
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of penetration between impact and complete submersion of the penetrator nose, a
penetration depth of9 mm (0.35 in.). In the other step, corresponding to the portion of
penetration after nose submersion, the left hand side is simply x and the strike velocity
(Vo) is that possessed by the penetrator at the conclusion of the initial stage. The models
were only applied to shots that were stopped by the plate and therefore the final velocity
of the latter step (V) was always zero. Therefore only two unknowns and the measured
penetration depth was used to find Vo• Then, the equation representing the initial stage
was applied using the nose length as the penetration depth and the strike velocity, the
velocity at the interface of the polyurea and RHA, was calculated. Thus the steps were
applied in reverse chronological order.
While the Recht model did not require calibration. the Poncelet model required a
determination of the distortion pressure. Pd. Shot C-6 which struck with a velocity of 542
m/s (1,779 ftls) and penetrated to a depth of 10 mm (0.39 in.) was used to detemline the
value of the distortion pressure. 4.12 GPa (598 ksi).
3. RESULTS
3.1. Perforation Analysis
Table XII summarizes the ballistic testing conditions and corresponding results
including the type of perforation and the final conditions of each shot. The final
conditions are grouped into one of the following: Perforation with measured exit yclocity.
perforation with no exit yelocity measurement eNt\"· is listed) or no perforation (yalue of
"0" is listed).
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Table XII: Summary of ballistic testing conditions and results.
Coating Strike ExitlFinal
Thickness Strike Velocity Velocity m1s
Desi!tnation mm(in.) Face m1s (ftIs) Perforation (ftIs)
C-1 0 RHA 883 (2,896) Full NA
C-2 0 RHA 751 (2,463) Partial NA
C-3 0 RHA 750 (2,461) Full NA
C-4 0 RHA 759 (2,489) Partial NA
C-7 0 RHA 742 (2,433) Full NA
C-5 0 RHA 529 (1,736) None 0
C-6 0 RHA 542 (1,779) None 0
2-1 22.1 (0.87) Polyurea 748 (2,453) Full NA
2-3 22.1 (0.87) Polyurea 745 (2,443) Full NA
2-4 22.1 (0.87) RHA 747 (2,450) Full NA
2-2 22.1 (0.87) Polyurea 522 (1,712) None 0
3-1 38.6 (1.52) Polyurea 748 (2,453) Partial NA
3-6 38.6 (1.52) Polyurea 750 (2,462) Partial NA
3-3 38.6 (1.52) RHA 746 (2,449) Full NA
3-7 38.6 (1.52) RHA 750 12,462) Partial 0
3-2 38.6 11.52) Polvurea 513 11,682) None 0
3-4 38.6 11.52) RHA 518 11,699) None 0
3-5 38.6 (1.52) RHA 518 (1,701) None 0
4-5 48.3 11.9) Polvurea 741 12,432) Partial NA
4-2 48.3 11.9) RHA 748 12,454) Full NA
4-3 48.3 11.9) RHA 754 12,474) Partial NA
4-4 48.3 (1.9) RHA 749 (2,457) Partial NA
4-1 48.3 (1.9) RHA 518 (1,701) None 0
5-5 71.1 (2.8) Polyurea 880 (2,887) Full NA
5-6 71.1 (2.8) Polyurea 881 (2,889) Full 606 (1,987)
5-7 71.1 (2.8) Polyurea 882 (2,894) Full 528 (1,731)
5-8 71.1 (2.8) Polyurea 884 (2,900) Full 515 (1,689)
5-2 71.1 (2.8) RHA 881 (2,889) Full NA
5-3 71.1 (2.8) RHA 876 (2,874) Partial NA
5-4 71.1 (2.8) RHA 879 (2,885) Full NA
5-10 71.1 (28) RHA 879 (2,881) Full NA
5-9 71.1 (28) RHA 880 (2,887) Full 512 (1,679)
5-11 71.1 (28) RHA 871 (2,858) Full 505 11,657)
5-12 71 1 (28) Polvurea 753 12,472) None 0
5-1 71.1 (2.8) RHA 750 (2,461) None 0
figure 27 is a graphical representation of the same infonnation. In the figure
there is no distinction made between shots that impacted the polyurea face and shots that
impacted the RHA face. This distinction was unnecessary because the target
pCrf0n11anCe was irrespecti\"c.? of orientation.
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Figure 27: Graphical summary of ballistic testing results.
During penetration the brittle penetrator had a tendency to fracture and embed
into the tunnel wall while part of the penetrator perforated as shown in Figure 28.
Penetrator
Figure 28: Cross-Section photograph showing a fractured pene1rator embedded in the
tunnel wall (middle velocity range).
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Shots in the low velocity range had a tendency to rotate during penetration. The
final angle f(mned between the projectile axis and the plate normal was often substantial
as shown in Figure 29.
RHA substrate
Figure 29: Cross-section photograph showing a penetration cavity with significant skew
angle, a (low velocity range).
Figure 30 shows evidence of melted polyurea on the distal surface of a target
impacted at 88] mls (2,889 His). This observation was common in targets under high
velocity range impact and to a lesser extent in the middle velocity range conditions.
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Figure 30: Melted polyurca on the distal surfacc of the RHA substrate.
3.2. Deformation Zone Geometry
The penetration depth and penetration cavity volume, calculatcd using the mcthod
described in Section 2.5, are presented in Table XIII. For geometric measurements, the
orientation of the targct was significant. The column labeled polyurea thickness indicates
whether the projectile struck polyurea or RI-IA; a value of zero denotes the latter.
The results of the crater volume calculations arc listed in Table XIV. All of the
geometric measurements are summarized graphically in Figure 31. In order to condense
thc results the measurements are normalized. The penetration depth, X*, is normalized
with respect to plate thickness. The penetration cavity volumes and crater volumes,
Vcavity* and Vcratcr*, are normalized with respect to a cylinder with the projectile's
diameter and a height equal to the nominal plate thickness. Dotted lines were added only
to connect the related quantities, not to infer linear behavior between points.
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Table XIII: Low velocity range deformation zone geometry measurements.
Strike Polyurea Cavity Penetration
Shot Velocity Thickness Volume Depth
Designation m/s (ft/s) mm (in.) mm3 (in3) mm (in.)
C-6 542 (1,778) 0 NA 10.0 (0.394)
3-4 518 (1,699) 0 NA 11.1 (0.437)
3-5 518 (1,699) 0 195 (0.0119) NA
4-1 518 (1,699) 0 179 (0.0109) NA
2-2 522 (1,713) 23 (0.906) 142 (0.00867) 9.0 (0.354)
Table XIV: Crater volume measurements.
Strike Polyurea
Velocity Thickness Crater
Shot Designation m/s (ft/s) mm (in.) Volume mm3 (in3)
5-6 881 (2,890) 0 135 (0.00818)
5-7 882 (2,894) 0 134 (0.00824)
5-3 876 (2,874) 72 169 (0.0103)
5-9 880 (2,887) 71.3 (2.807) 167 (0.0102)
5-11 871 (2,858) 71.5 (2.815) 187 (0.0114)
Coating Thickness On.)
a 0.6 1.2 1.8 2.4 3
1.2
« 1 ~--~
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-« 0.6 .. - -.- - CavityVolume>-
. ~'- -:.. -....-.... -. -~ '. - -.. '- -- ... -to
> 0.4 - -/_- - Crater Volume
-
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Coating Thickness (mm)
Figurc 31: Nonnalizcd dcfonnation gcomctry mcasurcmcnts: X* is nonnalizcd with
rcspcct to platc thickncss. VeJ\tty* and Vmter '" arc nonnalizcd with respect to a cylindrical
yolumc ofthc projectilc diameter and height ofthc nominal platc thickness
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The cratering phenomenon was only observed in the high velocity range.
However, the middle velocity range shows incipient cratering as seen in Figure 32.
Figure 32: Uncoated plate showing incipient cratering in the RHA substrate (middle
velocity range).
3.3. Micro-hardness
Micro-hardness measurements are normalized with respect to a base hardness
taken at a distance from that cavity wall where the hardness gradient is effectively zero.
The measurements profiles are numbered to correlate them with measurements displayed
in subsequent figures. The low velocity range profiles are shown in Figure 33. The
measurements begin at the edge of the penetration cavity and proceed into the target
material. The corresponding hardness profiles are displayed in Figure 34 and Figure 35.
The second graph shows the profile of the bulged material in front of the tip of the
penetrator. The profile begins at penetrator tip and terminates at the distal surface of the
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"plate, The hardness profiles for the middle velocity range, both taken at the mid-plane of
the respective targets, arc presented in Figure 36.
The profile locations for the specimen representing the deformation characteristic
of the high velocity range arc shown in Figure 37 with corresponding measurements in
Figure ]X. The profiles for the region experiencing localized shear dcf<mllation and the
corresponding values arc shown in Figure ]9 and Figure 40 respectively. Figure 39
shows profiles extending from either side of the shear band which is centered at zero on
the graph.
Figure 33: Micro-hardness profiles (low velocity range). Profile depths from the surface:
(1) 1 mm (.04 in,), (2) 2.9 mm (0.11 in.), (3) 5.4 mm (0.21 in.), (4) 7.9 mm (0.31 in.); (5)
Tip profile.
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Low Velocity Range Micro-hardness
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Figure 34: Micro-hardness profile mcasurcmcnts corrcsponding with locations given in
Figure 33 (low velocity rangc).
Bulged Volume Micro-hardness Profile
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Figure 35: Micro-hardncss profilc mcasurcmcnts ofbulgcd matcrial corrcsponding with
thc locations gi\"cn in Figurc 33 (low \"cloeity rangc).
Middle Velocity Range Micro-hardness
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Figure 36: Micro-hardness profile measurements taken at the mid-plane of an uncoated
target and a target with a 50 mm (1.97 in.) polyurea coating (middle velocity range).
Figure 37: Micro-hardness profiles (high velocity range). Profile depths from surf~ce: (1)
1 mm (0.04 in.), (2) 3.4 mm (0.13 in.), (3) 7 mm (0.28 in.).
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High Velocity Range Micro-hardness
1.3
1.25
1.2
.. 1.15
~ 1.1
::l. 1.05
1
0.95
0.9
o 1000 2000 3000 4000
-+-(1)
-llIII- (2)
-.tr-(3)
Distance from Tunnel Edge (IJm)
Figure 38: Micro-hardness profile measurements corresponding with the locations given
in Figure 37 (high velocity range).
Figure 39: Micro-hardness profiles for the shear region (high velocity range). Profile
depths from surface: (1) 2.8 mm (0.11 in.), (2) 3,~ mm (0.12 in.), (3) 3.4mm.(0.13 in.),
(4) 7 mm (0.28 in.).
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Shear Band Micro-hardness
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Figure 40: Micro-hardness profile measurements in the shear region corresponding with
locations given in Figure 39.
3.4. Shear Banding
Figure 41 shows a macroscopic view of an uncoated plate impacted by a
projectile with a strike velocity of 872 m/s (2.861 ftls). Figure 42 is a magnified image of
a shear band extending from the crater in Figure 41. Low magnification Ox) images of
shear bands on an uncoated plate and a plate coated with 71 mm (2.8 in.) of polyurea are
shown successivcly in Figurc 43 and Figurc 44.
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Shear bands
Figure 41 : Cross-section of deformation exhibiting shear banding and cracking (high
velocity range).
Figure 42: Micrograph of transformed shear band seen in Figure 41.
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Figure 43: Shear band in an uncoated RHA target extending from the strike surface crater
(high velocity range).
Figure 44: Shear band in an REA target coated with 71 mm (2.8 in.) of polyurea
extending from the strike surface crater (high veloc'ity range). .
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3.5. Model Predictions
A comparison of the analytical models used in this investigation is shown in
Figure 45. The graph compares the penetration depth predictions of each model over a
range of strike velocities.
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Figure 45: Comparison of Recht and Poncelet model predictions of penetration depth for
a range of strike velocities.
4. DISCUSSION
4.1. Analytical Models
To generate meaningful results the anal)1ical models had to be applied with
caution. The Recht and Poncelet models were choscn for this analysis bccausc of their
pro\'cn ability to accuratcly rcprcscnt ballistic limit yclocitics in tcst conditions t1miliar
to this in\'cstigation. Howc\'cr. \-crit~'ing or tuning thcsc modcls with thc ballistic limit
\'c1ocity is unsuitable. The diniculty lies in idcntit\ing the pcnctration dcpth that
corrclates with the ballistic limit \'c1ocity. It is clear from thc physicalmcasurcmcnts of
the deformation that the obtainable penetration depth exceeds the nominal thickness of
the plate due to bulging. However, insufficient experimental data precludes the
determination of the exact distance. To avoid this problem, the accuracy of the Recht
model was evaluated by measurements of penetration depth taken from an uncoated plate
under impact in the lowest velocity range; the Poncelet model was tuned on this
measurement as well. Figure 26 compares the two penetration depth-strike velocity
relationship. Experimental data was used to tune (determine the distortion pressure) the
Poncelet model, thus its representation of the relationship is accurate near the calibration
point of542 mls (1,778 ftls) and a penetration depth of 10 mm.
On the other hand, the Recht model is not tunable. To adjust for its tendency to
slightly over predict penetration depth only the difference in the penetration depth from a
reference measurement was considered. For example, shot 3-4 penetrated to a depth of
11.1 mm (0.437 in.) while the Recht model predicts a depth of 11.8 n1l11 (0.465 in.). To
predict an interface velocity for a coated target with an actual penetration depth of 10.1
mm (0.398 in.). the model penetration depth was set to 10.8 111111 (0.425 in.). the same
differential amount. 1 mm (0.0394 in.). between the aetual measurements. Table XV
compares the predicted interface velocity of each model for the same shot. 2-2.
Table XV: Analytical model results for projectile velocity at polyurealRHA interface.
Polyurea Calculated
Shot Thickness Strike Vel. Interface Vel.
l\lodcl Designation mm (in.) mls (ft/s) mls (ft/s)
Recht 2-2 23 (0.906) 522(1.712) 480 (1.575)
Poncelet "l_"l 23 (0.906) 522 (1.712) 491 (1.611)~ ~
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The Recht model predicts an interface velocity of 480 m1s (1,575 ft/s) and the
Poncelet predicts a similar value of 491 m1s (1,611 f1/s). However, with the limited
experimental results it is impossible to determine the more accurate result so an average
value of the calculated interface velocity was used in the ensuing energy calculations.
In the analytical models, only the mass of the penetrator (not the copper jacket or
lead filler) was used. Physical measurements show that the penetration cavity geometry
is consistent with the penetrator surface which suggests that the jacket is discarded at
some point during penetration. High speed video confim1s that the jacket was scraped
from the penetrator at impact. Therefore, the analysis was performed using the mass of
the penetrator and the Recht model results in particular confim1 that only the penetrator
mass should be considered in the calculation.
While the analytical models were trusted to represent the pertinent relationships in
the low velocity range. the models were not used in the high velocity range as
preliminary attempts to predict exit velocity in this range did not produce meaningful
results. This is perhaps due to the difference in target behavior or the limited range of the
distortion pressure in the Poncelet model. furthemlOre. the high vclocity range rcquires
greater accuracy as the ability of the coating to dissipate cncrgy at highcr velocitics
dccrcascs rcsulting in smallcr diffcrential quantitics and highcr perccnt error for any
lI11prcclslon.
4.2. Modeling: Perforation Results & Geometric Considerations
O\"crall. targct damagc. cvcn at thc samc tcst conditions. \\"as very
inhomogencous. Tn thc middle and high wlocity ranges thc pcnctrator had a tcndcncy to
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fracture during perforation. Then, half of the penetrator would perforate while the other
half would embed itself into the tunnel wall as shown in Figure 28.
In the low velocity range, the final orientation of the penetration cavity was often
skewed significantly as shown in Figure 29. The misalignment of the projectile axis and
the plate normal can be attributed to either rotation during penetration or to the presence
of skew at impact. The former is more probable because a skewed impact would impart
tremendous bending stresses that would likely fracture the penetrator.
Shots which exhibited the above phenomenon were generally not considered for
further analysis. The exclusions were made to preserve the integrity of this analysis as
their effect on the impact dynamics and ultimately penetration depth and cavity/crater
geometry is difficult to detennine with sufficient accuracy. Only shots which seemed to
exhibit nonnal penetration/perforation through the duration of impact were analyzed.
These exclusions in addition to the already scant matrix of test conditions yields
an incomplete set of geometric measurements as seen in Figure 31. The results are
considered suggestive of behavioral trends but furnish an insufficient basis to draw finn
conclusions. But. a simple energy analysis reinstates some functionality to the data field.
In ballistic testing. a projectile strikes a target with a considerable amount of
kinetic energy which is dissipated by the target mainly through the plastic flow of target
material. Thus. the kinetic energy of a projectile can be equated to the energy dissipation
so long as the initial and final conditions of the projectile or penetrator are knO\\ll. Eqn.
( II) sho\\-s an energy balance where the change in kinetic energy of the projectile.
:1£r.".-".-' is set equal to the dissipation of the target. tl,r~.-r'
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In all shots, the strike velocity was measured accurately and so the projectile
kinetic energy can be calculated precisely using Eqn. (12) where III is the mass of the
projectile and v is the velocity of the projectile.
E
I_ J
'klll"IIC = 2"'llV-
(11 )
(12)
An uncoated plate is capable of dissipating all the kinetic energy of a projectile
which strikes with the ballistic limit velocity (determined by an independent test to be
660 mls (2,166 £lIs)). Using the ballistic limit velocity, Eqn. (11) yields the dissipation
potential for an uncoated plate, 2,345 J (2.22 Btu).
In the middle velocity range, all coating thicknesses except for the maximum one
were unable to dissipate enough projectile energy to allow the substrate to stop the
penetrator; only the last incremental increase of thickness supplied the requisite
dissipation capability. Therefore. with minimal error. the ballistic limit velocity of the
target with the thickest coating matches the conditions of the middle velocity range.
However. the energy dissipation in this composite is shared between the polyurea and the
RHA substrate. The combined dissipation is 3.054 J (2.89 Btu). The contribution of the
RHA is again 2.345 .T. the same amount dissipated by an uncoated plate striking with the
an uncoated plate's ballistic limit velocity. The rcmaining 709.T (.672 Btu) was
dissipated by the polyurca coating.
Cratcr volume mcasurcmcnts arc instrumcntal in quantifying thc dissipation
potcntial of polyurea at higher loading ratcs. As cxplaincd in scction 1.3.1. thc
rclationship bct\\'ccn strikc vclocity and volumctric displaccmcnts is csscntially lincar.
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Accordingly, an analysis employing linear correlations can be performed with limited
apprehension. A useful relationship was established by considering two conditions: (I)
the onset of cratering and (2) the maximum crater volume seen in this investigation. The
former, assigned a crater volume of zero at a strike velocity of 749 m/s (2,457 ftls), was
observed in an uncoated plates impacted by a projectile with middle range velocity, see
Figure 32. The maximum volumetric displacement, 174 mm3 (0.0106 in.3) (average
value), is characteristic of an uncoated plate impacted at high velocity range conditions
876 mls (2,873 ft/s). The line specified by these two points, given in Eq. (13), allows one
to determine the strike velocity (V, in rn/s) knowing the crater volume (CV, in mm\
V = 749+.730(CV)
This relationship is useful in predicting the strike vcIocity at the
polyurea/substrate interface in the high velocity range when only the crater volume is
known. The polyurea/RHA interface vcIocity corresponding to the crater f0n11ed in a
substrate with the thickest coating is 847 mls (2,779 ftls). Using the energy balance
(13)
given in Eqn. (11), the dissipation is only 269 J (0.255 Btu) which is 440 J (0.417 Btu)
less than the amount dissipated by the same thickness impacted by a projectile with a
strike velocity of 753 m/s (2.470 ftls).
Table XVI: Various model results for projectile velocity at polyurea/RHA interface.
PoIyurea Calculated
Shot Thickness Strike Vel. Interface Vel.
l\lodcl Designation mm (in.) m/s (ft/s) m/s (ft/s)
Recht 2-2 23 (0.906) -""1 71") 480 (1.575))-- (. ~
Poncclct "-,) 23 (0.906) 522 (1.712) 491(1.611)
- -
Energy 5-12 72.5 (2.85) T" C 4-')) 660 (2.166))_1 _. /_
Volume 5-9 71.3 (2.81) 880 (2.887) 851 (2.791)
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Figure 46: Calculated energy dissipation per unit thickness of polyurea coating.
The graph shows that the dissipation per unit thickness of polyurea under loading
rates characteristic of the low and middle velocity ranges is similar, 9,780 Jim (2.83
Btu/ft) and I L 100 Jim (3.21 Btu/ft) respectively. Conversely, the perfomlance of
polyurea at the highest loading rates tested in this investigation decreases dramatically.
The coating energy dissipation per unit thickness in the highest velocity range is
approximately 35% of its value in the lowest velocity range.
The decrease in perfonllance was not anticipated in light of an investigation of
which detemlined the variation of polyurea's flow stress across a range of strain rates
[15]. Figure 3 (b) shows that at strain rates as high as 104 S·I polyurea exhibits rdatively
high strength. Therefore, either the strain rate in the vicinity of perforation is higher than
those tested in the aforementioned investigation where the material perfonnance
deteriorates or the intemction between the projectile and coating changes between the
middle and high vdocity range. It is suggested that a change in the projectile/coating
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interaction is responsible for the decreased performance. The cause is likely due to a
change in the friction conditions as opposed to generation of deformation heat or
otherwise. Whatever the cause, it was observed experimentally that under high velocity
range impact and to a lesser extent in the middle velocity range the coating melts. Figure
30 shows melted polyurea on the distal side of a target. While no analysis or
experimentation was performed to formally investigate the effect of the phase change or
to determine its causes, its occurrence coincides with a decreased protective capability of
the coating.
4.3. Target Flow Behavior
Inspection of the distorted flow lines together with micro-hardness results
provides insight into the flow of target material during penetration or perforation.
Low Velocity Range
The results of micro-hardness measurements perfon11ed on the shot representing
the low velocity range. shown in Figure 34. reveal that the magnitude of defon11ation ncar
the cavity wall at various depths into the cavity is unifonn. There is one exception in the
profile nearest the strike surface. For an undetermined reason this region. which
coincides with the volume of material that initially flows back towards the surface. seems
to have experienced less strain. Othem"ise. the defonnation is unifon11 in intensity but
also in radial extent. which was somewhat unexpected. The plastic zone limits. even ncar
the penetrator tip. can be estimated by expanding the penetrator surface a distance of
approximately 1 111m (0.0394 in.). The beha\"ior of the plastic zone directly in front of the
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penetrator was impossible to resolve because the distal face did not contain the plastic
zone.
Figure 35 shows the measurement taken from the profile tip through the distal
surface. It was anticipated that this region would be under axial compression and radial
tension. The results confirm that the bulged volume did undergo go significant work-
hardening; however, these measurements are incapable of specifying the stress state. The
magnitude of the deformation was slightly less than experienced near the cavity surface
and dropped very near the projectile tip and the distal surface.
4.3.1. Middle Velocity Range
The defon11ation characteristic of the middle velocity range did not render a
distinctive geometric variable as did the low and high ranges in the cavity and crater
measurements respectively. Micro-hardness was used in this range to determine if there
was a pronounced strain-rate effect. Presumably. a 50 mm (1.97 in.) polyurea coating
(second thickest tested) slows the projectile somewhat in the middle velocity range. The
intent of thcsc mcasurcments was to ascertain if the radial displaccment of material at a
faster rate would influcnce the size ofthc plastic zone or the magnitude of the strain
within thc zonc. Thc curvcs in Figure 36 arc csscntially ovcrlapping suggesting that thcrc
is not an appreciable dilTercncc in thc plastic zonc characteristics duc to small changes in
strain ratc.
4.3.2. High Velocity Range
~facro-ctehing rcyeals that thc substratc's rcsponsc to high yclocity rangc impact
is mueh ditlcrent than its response in cither of the other two ranges. The now of the
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material can no longer be attributed exclusively to the ductile hole enlargement damage
mechanism. Figure 38 shows that the profile nearest the strike surface has consistently
lower hardness readings than the other profiles. This observation in conjunction with
careful review of the texture lines evinces the fact that target material is not expanded
radially initally. If that were the case, the hardness near the surface would be extremely
high as the radial displacement and thus the radial strain would be in excess of all other
measurements. Instead, despite the sharp nosed tip, the material is compressed and a
shear zone is fonned with a diameter roughly equal to the crater diameter. Evidence of
the shear zone can clearly be seen through most of the thickness of the target. Micro-
hardness provides additional confirmation of the shear zone location; measurements
coincident with local increases of flow line slope are clearly elevated. These results
confim1 that in the high vclocity range the damage is shared between a plugging and
ductile hole enlargement. It is suggested that the penetrator force history for this impact
would show a peak very near impact when the crater is fonned by displacing a truncated
cylindro-conical volume. As the penetrator proceeds. the resisting force would be
expected to decrease monotonically as observed in ductile failure [9].
The change in material flow observed in the highest impact range may also be
attributed. in part. to an increased plate temperature caused by additional defonnation and
friction heat. The increascd plate tempcrature in the vicinity of impact may have rapidly
annealed the plate which lowcred its strength and ultimately altered its response to
impact.
4.4. Shear Banding
It is widely accepted that shear bands are a precursor to failure in ballistic loading
just as necking, another brand of localized deformation, is a precursor to failure in a uni-
axial tensile test. Therefore, the presence of the bands in damage characteristic of the
highest velocity range provides additional evidence that NIl Level IV projectile velocity
conditions (869 m/s (2,850 l'tis)) represent a critical velocity for this target. The velocity
dependent damage mechanism transitions from a ductile mechanism to a localized shear
embrittlement consistent with plugging failure. Strike velocities above the NIl Level IV
conditions (869 m/s (2,850 l'tis)) would be expected to exhibit very different perforation
dynamics as the plugging mechanism would dominate
The primary interest in examining shear bands was to use them as an additional
evaluation tool. Specifically, the two objectives were to determine the critical strike
velocity at which shear banding occurs and to identify relationships between shear band
characteristics and strike velocity. Figure 43 depicts a transfomled band extending from
the crater wall of an uncoated plate. When this image is compared with the same area in
a specimen that was coated with 72 mm (2.83 in.) of polyurea. see Figure 44. there is no
identifiable difference. As a result. neither of the aforcmentioned objectives wcre viable
because of the similarity in shear band appearance due to the ineffectiveness of the
coating under high velocity impact. Although the analysis was discarded it is nonetheless
important to recognize its inhercnt limitations. A shear band is in actuality a section
through a three dimensional feature. The intensity of the bands may indeed vary with
location and some mcasurcmcnt could possibly bc takcn to distinguish bands 1<.1nncd in
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targets with different polyurea thicknesses. However, such measurements are largely
inefficient and furthermore would only provide additional quantitative confirmation of
the fact that polyurea is ineffective as an armor coating in high velocity impact.
One note should be made regarding the shear bands pictured in Figure 43 and
Figure 44. Improper lighting conditions are responsible for the bands not appearing
white in color. Figure 42 shows a low magnification image that confirms the identity of
the bands as transformed.
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5. CONCLUSIONS
Based on the experiments, analysis and modeling efforts performed in this investigation
the following conclusions can be made:
• The efficacy of polyurea as an armor coating decreases significantly at impact
velocities of approximately 869 m/s (2,850 ft/s) as compared to its perfonnance at
velocities of approximately 747 m/s and 564 m/s (2,450 ftls and 1,850 ftls). A
compromise of material integrity caused by phase transformation is a suggested cause
for the decrease in dissipative capability.
• A 9.5 mm (3/8 in.) thick RHA target impacted by an AP M2 projectile at strike
velocities of 869 mls (2,850 ftls) exhibits two perforation mechanisms
simultaneously; ductile hole enlargement is shared with an incipient plugging failure.
• Shear banding occurs in RHA targets when tested at the impact velocities of
approximately 869 mls (2,850 ftls). Cracks initiate within these shear bands and fonn
a preferential failure surface.
• In a 9.5 mm (3/8 in.) thick RHA target impacted by an AP M2 projectile at strike
velocities of approximately 564 mls (1.850 ftls). the limits of the plastic zone that
contain a majority of the target material defonnation can be estimated by expanding
the penetrator surface radially a distance of Imm.
• Neither the Poncelet nor the Recht models predict ballistic limit velocities with
sufTicient accuracy due in part to ambiguity regarding the effective target thickness.
• In a 9.5 mm (3/8 in.) thick RHA target impacted by an AP i\t2 projectile at strike
velocities of approximately 747 m/s (2.450 l1/s) there is no appreciable effect on the
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magnitude or extent of the plastic zone due to small changes in strain rate caused by
the presence of a 50 mm (1.97 in.) thick polyurea coating.
• Identical ballistic testing conditions do not guarantee similar results in target
deformation due to penetrator fracture and rotation.
6. FUTURE WORK
This research used various characteristics of target deformation to evaluate the
performance of a coating applied to it. A more direct analysis for this material and
similar coatings would test the material itself. Measuring the strike and exit velocity of a
projectile perforating a pure polyurea target would allow a simple energy balance to give
explicit values of projectile energy dissipation. Systematic incorporation of high speed
video would provide the details of the target response and confinn the reason for the
behavioral transition observed in this investigation.
To detennine the perfomlance of the coating when applied to a substrate. the
substrate must be prudently selected and then calibrated. The thickness of the substrate
should be such that perforation is prevented throughout the entire range of strike
velocities tested. Also. predetennining the relationship between strike velocity and
penetration depth for a given substrate would eliminate the reliance on analytical models.
Then. the dissipation of the coating could be calculated directly using the calibrated
substrate. This type of analysis would be more accurate overall and would also clearly
elucidate the role of the substrate in coating perfonnance.
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